To determine characteristics associated with winter hibernacula of the eastern pipistrelle (Pipistrellus subflavus), microclimate parameters, land-use, and densities of bats were recorded and compared among 4 study sites, associated with box culverts under Interstate Highway 45 in Texas. Presence of bats in hibernacula varied throughout the year. Selection of winter hibernacula in temperate regions may not be dependent on microclimate parameters alone. Minimum temperature was the only significant microclimate predictor of abundance of bats and reflected seasonal use of hibernacula during winter. Analyses of land-use data revealed a significant correlation between number of bats present at each roost and amount of agriculture and forest surrounding each site. Distance from the opening of the culvert to forest also was correlated with number of bats. Occupancy of hibernacula by the eastern pipistrelle was greatest for December and January, with males consistently appearing in higher ratios than females. Fidelity of bats to hibernacula was highly variable within and between seasons. Recaptures ranged from 14 to 73% during both seasons with 24% of the bats marked during the 1st season returning the following year.
The eastern pipistrelle (Pipistrellus subflavus) is widely distributed in the eastern United States and is known to use caves, mine tunnels, rock crevices, foliage, and man-made structures as roost sites in summer and winter (Barbour and Davis 1969) . Little detailed information exists on roostsite selection and overwintering of these bats (Fujita and Kunz 1984) . In January 1995, Walker et al. (1996) found eastern pipistrelles roosting in concrete box culverts along Interstate Highway 45 in central Texas. After initial surveys, it was apparent that not all culverts were occupied by bats to the same extent, although culverts differed little in architecture. Also, use of these man-made structures apparently was restricted to winter months. Most * Correspondent: rhoneycutt@tamu.edu literature addresses natural roosting sites and year-round roosts, with less being known about use of man-made structures and winter roosts. Given the amount of time that bats spend in roosts, availability and characteristics of roosting sites ultimately influence their overall fitness and survival. The architectural design of box culverts and their linear distribution along an interstate highway provide a unique opportunity for examining roost-site selection and seasonal use of roost sites by the eastern pipistrelle.
We characterized use of culverts as roost sites by the eastern pipistrelle. Our objectives were to evaluate roost-site selection based on microclimate conditions and surrounding land-use patterns and determine the influence of sex and roost-site fidelity on occupancy of roosts.
MATERIALS AND METHODS
Four study sites in Leon County, Texas, were selected on the basis of accessibility and presence or absence of bats. Sites were similar in that each had 2-6 concrete, box-type culverts positioned side by side with openings at both ends that were oriented along a west-east axis. Length, height, and width of each culvert were: site A, 2 culverts 102 by 3 by 3 m; site B, 2 culverts 128 by 1.5 by 1.2 m; site C, 6 culverts 142 by 2 by 1.5 m; site D, 6 culverts 126 by 2 by 1.5 m.
All sites were surveyed at least once a month September-February 1995 -1996 and September-March 1996 -1997 . During 1995 -1996 , all bats were marked with color-coded collars (Gannon 1993) . Throughout 1996-1997, collars were removed from recaptured bats, and all were marked with plastic, split-ring wing bands (2-mm interior diameter; A. C. Hughes, Middlesex, United Kingdom). Wing bands were color-coded by site and numbered. Bands were placed on the left forearm of males and the right forearm of females. Copulatory behavior or evidence associated with breeding was recorded. Microclimate parameters measured in each culvert included ambient temperature, maximum and minimum temperature, and humidity. During each visit, ambient temperature and percent relative humidity were measured with a Protimeter Digital Hygrometer (Protimeter Inc., Commack, New York) at the center of each culvert. Because of structural design, temperature and humidity varied minimally inside each culvert and a single measurement was representative of all potential roosting locations. Between visits, maximum and minimum temperatures were recorded on a Taylor maximum-minimum thermometer (Taylor & Hobson Inc., Rolling Meadows, Illinois) mounted in the center of each culvert.
Land-use patterns were analyzed using ArcView GIS Version 3.1 (Environmental Systems Research Institute, Inc., Redlands, California). Locations of culverts, obtained using a Trimble Pathfinder Global Positioning System unit (Trimble Navigation, Sunnyvale, California), were overlaid on land-use and land-cover data supplied by the United States Geological Survey. Land-use and land-cover data were converted from vector format to a raster grid using ArcView spatial analyst. Surrounding each site, level-I land-use and land-cover categories (Anderson et al. 1976) were designated for a circular area of land within a 1.609-km radius. Grid cells were 0.016 km 2 . Distance from each culvert opening to forest was measured directly from the land-use file generated in ArcView using the measure tool. Locations of culverts were plotted using a single global-positioning-system coordinate; therefore, the highway edge was used to approximate the location of each opening. Zero values were recorded as 0.01 km for the analysis.
Spearman's nonparametric correlation analysis was used to determine the relationship between microclimate variables (temperature, humidity, and maximum and minimum temperatures) and number of bats at each site. The relation between abundance of bats and land-use and land-cover data also were evaluated using nonparametric analyses. Multiple regression was used to determine which microclimate variables were the best predictors of abundance of bats. The dependent variable (number of bats) was log transformed for regression analysis. A P-value Ͻ0.05 was considered significant for all tests. Statistical analyses were performed using MIN-ITAB for Windows Release 12.1 (Minitab, Inc., State College, Pennsylvania).
RESULTS
Population dynamics.-Changes in abundance of eastern pipistrelles were consistent for 1995-1996 and 1996-1997 field seasons. Bats 1st appeared in late September and early October, and their appearance was coincidental with a decrease in ambient temperature. Number of new bats captured peaked in December, and by February, few new individuals were observed (Fig. 1) . Total rates of capture for each site were as follows: site A, 226 bats; B, 85; C, 108; D, 6. All sites, except D, had a stable population for both years. In 1995-1996, 353 bats were marked and in [1996] [1997] 72 were marked. Evidence associated with reproduction and copulation was observed in October, November, and March. Although eastern pipistrelles primarily hibernate individually (Fujita and Kunz 1984) , clusters of bats comprised of 2 or 3 individuals were seen on numerous occasions.
Sex of previously marked bats was not determined in [1995] [1996] . Sex ratios, de- rived from newly captured bats on each visit, were disproportionate for both seasons, with a higher frequency of males. For all bats captured, ratio of males to females was 2.4:1 (n ϭ 353) and 1.4:1 (n ϭ 163) for 1995 -1996 and 1996 -1997 , respectively. In December 1996 -1997 , when total number of roosting bats was greatest, ratio of males to females for all roosting bats was 1.5:1 (n ϭ 118). Rates of recapture varied from 26% to 55% for each survey during 1995-1996 and 12% to 73% for 1996-1997 (Table 1) . Of the marked bats that returned, little evidence was found of intersite exchange, with only 5 exchanges noted during the study. Periodic surveys of additional culverts also revealed little evidence (6 bats) of dispersal of marked bats to other culverts. In 1996-1997, average rates of recapture for females (59%) were greater than for males (43%). Of 85 bats (24%) that returned in 1996-1997, 51 were males and 34 were females. That represented a 32% rate of recapture for females (n ϭ 105) and a 21% rate of recapture for males (n ϭ 248). In all cases, bats were recaptured in the same culvert occupied the previous season.
Microclimate.-Microclimate variables were recorded 7 times at each site during 1995-1996 and 10 times during 1996-1997. Airflow initially was included as a microclimate parameter, but measurements were inconsistent because of wind gusts. Thus, airflow was omitted from further analyses. All variables were representative of ambient conditions within the culvert the day of the survey, except for maximum and minimum temperatures that were recorded over the interval between each visit. Maximum and minimum temperatures ranged from Ϫ6 to 27ЊC for 1995-1996 and Ϫ1 to 29ЊC for 1996-1997 (Table 2) . Rank correlations between abundance of bats and microclimate variables were not significant. Minimum temperature was the only significant microclimate variable in the multipleregression analysis (P Ͻ 0.009), when the model forced use of all variables. However, the regression equation only explained 9.6% of variation in abundance of bats and was not significant.
Land-use patterns.-Because of location of roost sites along an interstate highway, all sites shared certain topographic and land-use characteristics. Culvert openings were located either between the interstate and frontage road or on the side of the frontage road opposite the highway. Roadways and frontage roads along the interstate were mowed on a regular basis. Initial landuse data from the 4 study sites revealed a higher amount of land classified as urban at site D, the unoccupied site. However, an occupied hibernaculum was discovered Ͻ0.3 km from site D. Thus, based on the 4 original study sites, a relationship between land-use and abundance of bats was difficult to evaluate. To further examine this relationship, 30 additional sites were sur- veyed for abundance of bats and surrounding land-use was classified (Anderson et al. 1976 ). In addition, distances from openings of culverts to forest were measured. It is important to note that Ն1 bat was present at every additional site and that forest and agricultural land comprised Ͼ80% of land classified for all locations. Nonparametric correlation analyses revealed a significant relationship between abundance of bats and forest (r ϭ 0.416, P Ͻ 0.001), agricultural land (r ϭ Ϫ0.373, P Ͻ 0.002), barren land (r ϭ 0.275, P Ͻ 0.047), and distance to forest from east (r ϭ Ϫ0.343, P Ͻ 0.010) and west (r ϭ Ϫ0.454, P Ͻ 0.001) culvert openings.
DISCUSSION
Population dynamics.-Disproportionate sex ratios in hibernacula are well documented for eastern pipistrelles (Davis 1966; Fujita and Kunz 1984) . Similar sex ratios were reported by Davis (1966) during surveys of cave-roosting pipistrelles in December, with ratios ranging from 2.6:1 to 5.7:1. He attributed the disproportionate sex ratio to increased survivability of males and selection of alternative roosts by females during winter. Conversely, 2 studies found more females than males during winter (Jones and Pagels 1968; Jones and Sutkus 1973) . Jones and Pagels (1968) recorded ranges from 1:1.5 to 1:3.5 and Jones and Sutkus (1973) found ratios of 1:1.21. The disparate ratios observed in these studies may be attributed to the fact that roosts examined were occupied throughout most of the year, whereas in our study and that of Davis (1966) , eastern pipistrelles used roosts only for overwintering (ഠ6-7 months).
Although rates of recapture were variable, they were similar to those reported by Jones and Sutkus (1973) , who reported rates of recapture in the year after banding that varied from 2% to 40%, with rates being highest the first 2 years. Three major factors may account for reductions in number of marked bats returning to their respective culverts the following winter; individuals may have moved to culverts outside the study area (Baker 1978) , young bats may have experienced high mortality associated with the 1st hibernation (Davis 1966) , or bats may have sustained increased mortality after disturbance and arousal from torpor because of insufficient reserves of fat (Davis 1966) . Because age of individuals was not determined at time of capture, it is impossible to determine if an increase in mortality was associated with age. However, because of moderate climate in the study area, temperatures were high enough for foraging to occur on numerous nights (Avery 1985) . This would help offset energetic costs of arousal associated with disturbance, minimizing losses due to insufficient reserves of fat. Because of the large number of roosts in the study area, it is likely that bats relocated to other hibernacula not included in the study.
Like the study of Jones and Pagels (1968) , our study also revealed a higher rate of recapture of 60% for females compared to 37% for males. Because of benefits associated with fidelity to roosts where mating and hibernation occur (Humphrey 1975) , and because reproductive efforts begin in early autumn and fertilization is delayed until spring (Fujita and Kunz 1984) , selection of roosts may be more critical for female bats. Rate of recovery of marked bats was too low to suggest strong site fidelity in that some movement among sites, even during winter, is likely. Nevertheless, during surveys of other culverts in the vicinity of study sites, we observed few instances of marked bats occupying new sites. Eastern pipistrelles may have a number of preferred hibernacula in a given region, but we have no data that support this hypothesis. Another explanation for varying rates of recapture may relate to disturbances associated with our study. We did see an overall lower number of recaptures in culverts subsequent to the 1st year of sampling, similar to that observed by Jones and Pagels (1968) .
Microclimate.-Two explanations are possible for our inability to associate abundance of bats with microclimate of hibernacula. First, because of mild winters of the region, all study sites possibly had suitable microclimate conditions, but were not used equally. Second, as suggested by Raesly and Gates (1987) , it also is likely that external characteristics of roosts in combination with internal characteristics influence selection of sites. Bats were roosting at all locations on occasion, although site D never had a stable population.
Land-use patterns.-Analysis of our results suggests that abundance of bats increases relative to amount and proximity of forest. However, use of culverts may be a convenience rather than a preference. When not occupying culverts, it is likely that bats use nearby forested areas. Thus, it is reasonable to assume that there would be more bats in areas with more forest. If forested areas support a greater number of bats, then it is likely that hibernacula near forested areas also would have a greater number of bats. Shorter distances between forest and openings of culverts also may facilitate discovery and use of roosts. Eastern pipistrelles characteristically forage near forest pe-rimeters and along waterways (Fujita and Kunz 1984) . Culverts are designed for drainage and are associated with creeks, streams, or other waterways with accompanying riparian areas in many situations. These vegetative zones possibly serve as corridors for foraging bats. Thus, foraging bats would be more likely to discover culverts closer to these zones. We currently have no explanation for the correlation between abundance of bats and barren land. Because of the generalized nature of level-I categories (Anderson et al. 1976 ), it is impossible to determine exact land-use characteristics of these sites; further, level-II classification may clarify this relationship.
Establishing criteria for roost-site selection is complex, especially when one must consider combinations of abiotic and biotic factors associated with the ecology and energetic demands of bats. For eastern pipistrelles in Texas, roost selection cannot be explained solely by microclimate variables. Mild winters, in combination with abundance of potential hibernacula, may promote selection of roosts based more on proximity of roosts to habitats occupied by bats during nonwinter months. In this case, culverts containing high densities of bats may be associated with habitat corridors linking hibernacula with suitable forest habitat used during nonhibernating periods. Proper evaluation of this hypothesis will require a thorough assessment of landscape characteristics along with life-history traits of the species. Because land-use practices alter habitats, use of man-made structures for overwintering may be critical to longterm survival of populations of bats. Thus, long-term studies are needed for a proper evaluation of how human-altered landscapes and man-made structures should be designed to accommodate ecologic and behavioral requirements of chiropteran communities.
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